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Dorsoventral patterning of somites into sclerotome and dermomyotome involves antagonistic actions of ventralizing
and dorsalizing signals originating from tissues surrounding the somites. The notochord and the ¯oor plate of the neural
tube provide a ventralizing signal(s) directing sclerotome development, whereas the surface ectoderm and dorsal neural
tube provide a dorsalizing signal(s) directing dermomyotome development. Evidence has been provided that Sonic Hedge-
hog mediates the ventralizing effects of notochord and ¯oor plate, but the dorsalizing signal(s) that patterns the dermomy-
otome has not been identi®ed. The documented expression of Wnt1 and Wnt3a in the dorsal neural tube and of Wnt4
and Wnt6 in the surface ectoderm at the time of dermomyotome speci®cation prompted us to investigate the involvement
of WNT proteins in patterning the dermomyotome. Here we show that tissue culture cells expressing these WNT family
members can maintain and induce dermomyotome marker expression in presomitic mesoderm explants, supporting the
hypothesis that WNT proteins mediate the dorsalizing effects of the surface ectoderm and dorsal neural tube on somites.
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INTRODUCTION al., 1996). In contrast, dermomyotome differentiation ap-
pears to be directed by signals derived from the overlying
Somites are segmented mesodermal structures that ¯ank surface ectoderm and dorsal part of the neural tube. The
the neural tube in the vertebrate embryo. Under the in¯u- signal from the dorsal neural tube appears to act over a
ence of adjacent tissues, somites are initially patterned long distance, whereas the signal provided by the surface
along the dorsoventral axis to form the sclerotome ventrally ectoderm requires direct contact with somitic cells for its
and the dermomyotome dorsally. The sclerotome gives rise action (Fan and Tessier-Lavigne, 1994). Results from tissue
to the vertebrae and ribs, whereas the dermomyotome gives ablation and ectopic transplantation studies in the chick
rise to skeletal muscle and dermis (Keynes and Stern, 1988). indicate that both tissues can induce dermomyotome for-
The notochord, neural tube, and surface ectoderm have all mation and have redundant roles (Kuratani et al., 1994;
been shown to provide signals that can pattern somites Spence et al., 1996).
along the dorsoventral axis (Brand-Saberi et al., 1993; Pour- The molecule(s) that mediates the dorsalizing action of
quie et al., 1993; Kuratani et al., 1994; Fan and Tessier- the surface ectoderm and neural tube has not been de®ned,
Lavigne, 1994; Spence et al., 1996). Several lines of evidence though members of the WNT family are likely candidates.
have indicated that Sonic Hedgehog (Shh) mediates the ven- During the period of initial dermomyotome development,
tralizing action of notochord and ¯oor plate on somites (Fan the Wnt family members Wnt1 and Wnt3a are expressed in
and Tessier-Lavigne, 1994; Johnson et al., 1994; Chiang et the dorsal neural tube, whereas Wnt4 and Wnt6 are ex-
pressed in the dorsal surface ectoderm (Parr et al., 1993). In
addition, cells expressing several WNT proteins have been1 To whom correspondence should be addressed. E-mail: fan@
mail1.ciwemb.edu. shown to promote the development of myotomal cells
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(Stern et al., 1995; Munsterberg et al., 1995), which are RESULTS
derived from the dermomyotome. Here we show that
RatB1a cells stably expressing Wnt1 as well as cultured COS Wnt-expressing cells can maintain and induce dermo-
cells transiently expressing Wnt1, Wnt3a, Wnt4, or Wnt6 myotome marker expression in explants of presomitic
cDNAs can induce the expression of dermomotomal mark- mesoderm in vitro. Somites develop from the presomitic
ers in explants of somitic tissue in vitro, supporting a role mesoderm (psm), which expresses the markers Pax3 and
for WNT proteins in mediating the dorsalizing actions of Sim1 (Fan and Tessier-Lavigne, 1994). As somites become
the surface ectoderm and dorsal neural tube. patterned into the dermomyotome and sclerotome, dermo-
myotomal cells maintain expression of Pax3 and Sim1,
which are downregulated in sclerotome, and in addition
begin to express the marker Pax7. In vitro, explants of psmMATERIALS AND METHODS
cultured alone lose expression of Pax3 and Sim1, but in psm
explants cultured with the dorsal neural tube or surface
ectoderm expression of Pax3 and Sim1 is maintained andExplant cultures. Explants of E9.5 mouse presomitic meso-
derm (psm) were isolated, embedded in collagen gels, and cultured expression of Pax7 is induced (Fan and Tessier-Lavigne,
in DME/F12/10% fetal bovine serum for 24 hr as described (Fan 1994). To test the possible involvement of WNT1 in induc-
and Tessier-Lavigne, 1994). ing dermomyotome, we cocultured explants of E9.5 mouse
Reverse-transcription polymerase chain reaction (RT-PCR) and psm with either control RatB1a cells or RatB1a cells that
RNA in situ hybridization (ISH). Cultured explants were either stably express WNT1 (RHW-1 cells) in collagen gels for 24
used directly for RNA extraction and RT-PCR to evaluate marker hr. Pax3 expression was not maintained in psm explants
gene expression or ®xed in 4% PFA/PBS, embedded in OCT, and
cultured with control RatB1a cells, as assessed by ISH (n subjected to cryostat sectioning and ISH. Oligonucleotide primers,
8) (Fig. 1A), but was maintained in psm explants culturedPCR conditions, and ISH probes are as described (Fan and Tessier-
with RHW-1 cells (n  8) (Fig. 1B). Expression of Sim1 wasLavigne, 1994; Fan et al., 1995).
also maintained and expression of Pax7 was activated byCell lines, plasmids, transfection, and immunoprecipitation.
COS, RatB1a, RHW-1, and 10T1/2 cells were maintained in DME/ RHW-1 cells, but not by RatB1a cells (data not shown). The
10% fetal bovine serum. RatB1a and RHW-1 cells were provided same results were obtained when RT-PCR was used to as-
by Dr. R. Nusse. cDNAs of mouse Wnt3a, Wnt4, Wnt6 (gift from sess the expression of these markers (n 6) (Fig. 1J). Mainte-
Dr. A. McMahon), and Shh-N (gift from Dr. P. Beachy) were cloned nance and induction of dermomyotomal markers were also
into the pcDNA1 vector. COS cells were used for transient transfec- observed when psm and RHW-1 cells were separated by a
tion only. 10T1/2 cells were transfected with pcDNA3-SHH-N and nucleopore ®lter, as assessed by ISH (n  4) (Fig. 1D) and
selected with G418 to obtain a nonclonal cell line stably expressing
by RT-PCR (n  6) (Fig. 1J), consistent with the possibilitySHH-N. LipofectAmine was used for transfection (GIBCO-BRL).
that the secreted WNT1 protein acts as a diffusible factorCell aggregates were made and cultured as described (Fan and Tes-
in this assay.sier-Lavigne, 1994). [35S]Cysteine in vivo labeling of transfected
To test whether other candidate WNT proteins can alsoCOS cells and immunoprecipitation of various WNT proteins were
as described by Smolich et al. (1993). activate dermomyotomal markers, we cocultured psm ex-
FIG. 1. Cell lines expressing the Wnt family of factors can activate dermomyotome-speci®c markers in presomitic mesoderm explants.
E9.5 mouse presomitic mesoderm (psm) explants were cocultured with aggregated clumps of various cell types. Explants were cultured
for 24 hr and harvested for ISH or RT-PCR analysis to assess for dermomyotome marker expression (Fan and Tessier-Lavigne, 1994). A±
I show the dermomyotome marker Pax3 expression in psm explants using ISH with a mouse Pax3 anti-sense RNA probe (Fan and Tessier-
Lavigne, 1994). The cell clumps used were RatB1a (A and C), RHW-1 (a RatB1a-derived line stably expressing WNT1, a gift from Dr. R.
Nusse) (B and D), and COS cells transfected with pcDNA1 (COS-con, E), pcDNA1-Wnt1 (COS-W1, F), pcDNA1-Wnt3a (COS-W3a, G),
pcDNA1-Wnt4 (COS-W4, H), and pcDNA1-Wnt6 (COS-W6, I). In C and D, nuclear pore ®lters of 0.05 mm pore size were used as barriers
to prevent contact between the cell clumps and psm. (J) RT-PCR was used to assess the expression of dermomyotome markers in the
psm. Cells used for each induction assay are labeled at the top of each lane. Oligonucleotide primers, PCR conditions, and cycle numbers
used to detect Pax3, Pax7, Sim1, and b-actin are as described (Fan and Tessier-Lavigne, 1994). Scale bar: 100 mm. (K) Immunoprecipitation
of [35S]cysteine in vivo labeled WNT1, WNT3A, WNT4, and WNT6 proteins produced by COS cells transfected with the Wnt1, Wnt3a,
Wnt4, and Wnt6 expression plasmids, respectively. COS cells transfected with pCDNA1 were used as controls. The molecular weight
markers are as indicated (kDa, kilodalton) and the precipitated WNT protein products are indicated by black dots.
FIG. 2. High levels of SHH-N can antagonize the dermomyotome-inducing activity of WNT1-expressing cells. E9.5 mouse psm was
cocultured with parental RatB1a and 10T1/2 cells (A and B) or RHW-1 and 10T1/2 cells producing low levels of SHH-N (SHH-N, L) (C
and D), medium levels of SHH-N (SHH-N, M) (E and F), or high levels of SHH-N (SHH-N, H) (G and H). The low-level source of SHH-N
was created by mixing SHH-N-expressing 10T1/2 cells with parental cells at a 1:25 ratio, the medium-level source at a 1:5 ratio, and the
high level source as neat. ISH was used to assess the expression of dermomyotome marker Pax3 and sclerotome marker Pax1 on adjacent
sections. (I) RT-PCR was used to assess dermomyotome and sclerotome marker expression in psm explants cocultured with RHW-1 cells
in the presence of different concentrations of puri®ed recombinant SHH-N. The concentrations of SHH-N are as indicated. Primers and
PCR conditions used to assess the expression of these markers are as described (Fan and Tessier-Lavigne, 1994). Scale bar, 100 mm.
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plants with COS cells transfected with control, Wnt1, tralizing activity of ¯oor plate and notochord. Our ®nding
that cell lines expressing various Wnt family members canWnt3a, Wnt4, or Wnt6 cDNA expression plasmids. Expres-
sion of Pax3 was not maintained by COS cells transfected mimic the dermomyotome-inducing activities associated
with the dorsal neural tube and surface ectoderm identi®eswith the expression vector without an insert (n  4) (Fig.
1E) or the expression vector carrying anti-sense cDNA in- WNT proteins as candidate mediators of these activities.
Speci®cally, based on their expression patterns Wnt1 andserts for Wnt1, Wnt3a, or Wnt4 (data not shown), but it was
maintained by COS cells transfected with the expression Wnt3a are candidate mediators for the diffusible activity
secreted by the dorsal neural tube, whereas Wnt4 and Wnt6vector carrying sense cDNA inserts for Wnt1, Wnt3a, Wnt4,
or Wnt6 (Figs. 1F±1I). Wnt1- and Wnt3a-expressing COS are candidate mediators for the contact-dependent activity
of the surface ectoderm. Other major candidates are twocells appeared more potent in their ability to maintain Pax3
expression in the psm (n  4) (Figs. 1F and 1G) when com- members of the BMP family, BMP4 and BMP7, based on
their expression patterns and ability to dorsalize neural tis-pared to Wnt4- and Wnt6-expressing COS cells (n 4) (Figs.
1H and 1I), as assessed by the range of action and by the sue (Liem et al., 1995). We can, however, exclude their
candidacy since COS cells expressing BMP4 or BMP7 dolevels of marker expression. Similarly, whereas COS cells
expressing Wnt1 and Wnt3a can activate dermomyotomal not possess dermomyotome-inducing activity in our assay
(data not shown). Although WNT proteins are thus themarker expression in the psm when separated by a nucleo-
pore ®lter (n  8) (Fig. 1J and not shown), Wnt4- and Wnt6- strongest candidates to date, mice carrying mutations in
Wnt1, Wnt3a, or Wnt4 have not been documented to dis-expressing COS cells were less active in inducing dermo-
myotome markers in this trans®lter assay (two positives of play dermomyotomal defects (McMahon and Bradly, 1990;
Takada et al., 1994; Stark et al., 1994). It is possible, how-eight assays, not shown). As assessed by immunoprecipita-
tion using antisera against WNT1, WNT3A, WNT4, and ever, that the four Wnt genes expressed in the dorsal neural
tube and surface ectoderm have redundant roles in dermo-WNT6, COS cells transfected with their corresponding ex-
pression plasmids indeed produced these WNT proteins myotome development, so that loss of function of several of
these genes will be required to discern a phenotype. Finally,(Fig. 1K). However, it is unclear whether the different poten-
cies and ranges of action re¯ect differences in the level of although WNT proteins are strong candidate mediators of
dermomyotome induction, we cannot exclude the possibil-active form(s) of proteins produced or in the degree of cell
surface association of the proteins (Smolich et al., 1993). ity that expression of WNT proteins in cell lines causes
induction in those cells of distinct factors that are the trueSHH-N can repress the dermomyotome-inducing activ-
ity of WNT1 expressing cells. We have previously shown dermomyotome inducers. Further studies using puri®ed
WNT proteins or antagonists of WNT activity, neither ofthat SHH-N can repress the dermomyotome-inducing activ-
ity of dorsal neural tube and surface ectoderm. To test which is currently available, will be required to prove the
direct involvement of WNT proteins in this induction.whether SHH-N can also antagonize the activity of WNT1-
expressing cells, we cultured individual explants of psm
sandwiched between an aggregate of 10T1/2 cells stably
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